Landslides are catastrophic geophysical phenomena that may cause heavy fatality and property losses. Hence, it is of vital importance to understand their mechanisms and evaluate their travel distance so that appropriate measures can be taken to mitigate their risk. This paper reports on an application of the incompressible Smoothed-Particle Hydrodynamics (SPH) method to the simulation of the collapse of granular columns onto the planes of different slopes, which is similar to dry landslides. Numerical results show that the nondimensional runout is a useful parameter in describing the travel distance as it depends only on the initial aspect ratio. Moreover, the traditional model with a constant friction angle is compared with the modified Mohr-Coulomb model with a variable friction angle sensitive to the shear rate. It is found that the traditional Mohr-Coulomb model with a fixed friction angle is incapable of always predicting the correct runout with different combinations of the aspect ratios and inclined angles. The shear-rate dependence effect must be considered for slim granular columns collapsing onto steep slopes. In addition, the taller granular columns travel much farther than the slowly released columns.
INTRODUCTION
With the growth of population, mountainous areas have been more crowded, where many steep slopes are prone to landslides. When landslides happen, they can claim lives and threaten infrastructure. In addition, they often take place suddenly and move too fast for any mitigation measures to be enacted. Consequently, to quantitatively assess the risk of landslides and properly use the land in mountainous cities, a proper method for predicting the propagation of landslides is necessary. In particular, the prediction of the travel distance of landslides has been a major task for many researchers.
Some researchers predicted the travel distance through empiricalstatistical approaches. Unsurprisingly, through these approaches they found that the travel distance depends to some extent on the volume of the landslide mass (Corominas, 1996) . As expected, the property of the sliding material also has an influence on the travel distance. Debris flows often show a larger mobility than landslides and rock falls. Furthermore, the dilatancy during the failure process, the geometry of the slope, and the degree of confinement of the travel path should also be taken into consideration when the travel distance is predicted. One limitation of the empirical models is that they are applicable only to the landslides whose conditions are similar to those under which the models are derived. There are also dynamic models that are physically based. These models generally consider the momentum and/or energy conservation of the flow. A widely used continuum-based dynamic model was developed by Savage and Hutter (1989) . They incorporated the Mohr-Coulomb model with depth-averaged techniques to construct a set of equations for dry granular flows. As a relatively new computational technique, the Smoothed-Particle Hydrodynamics (SPH) method has been increasingly used for developing the dynamic models. The SPH method is a particle-based Lagrangian method (Monaghan, 2012) where the continuum is represented by a large number of discrete particles. SPH was initially used in astrophysics and fluid dynamics (Monaghan, 2012; Liang, 2010) . Efforts have also been made in implementing Mohr-Coulomb-type models with the SPH method in the study of the dynamic problems of soils (Bui and Fukagawa, 2008; Bui et al., 2011; Liang and He, 2014) . In this paper, the Mohr-Coulomb-type models are implemented into the SPH framework and employed in the study of landslide runout.
Direct observations and detailed measurements of the dynamics of in-situ landslides are scarce. What is more, these historical landslide data are not reproducible, which reduces their reliability. However, small-scale laboratory experiments of granular materials collapsing onto horizontal and inclined planes are reproducible and easy to conduct. These collapsing phenomena share some similarities with the propagation of landslides. Therefore, these controlled small-scale experiments are used in this paper as benchmarks.
COLLAPSES OF GRANULAR COLUMNS
Recently, a number of studies have been conducted on the transient granular flows formed by the sudden release of vertical columns of grains onto horizontal or inclined planes. As in landslides, these granular flows can be modeled by the Mohr-Coulombtype models. Both collapses and landslides involve unsteady flows, and their free surfaces change with time greatly. If the inclined slope angle is smaller than a certain value, the moving body finally deposits on the slope. This process is characterized by the continuous deposition of grains on top of the already stationary grains.
These granular flow experiments include two-dimensional unidirectional collapses and symmetrical bidirectional collapses in a channel of constant width (Balmforth and Kerswell, 2005; Lube et al., 2005 Lube et al., , 2011 . Figure 1 gives a sketch of the experimental conditions and defined variables. The channel width is in the direction perpendicular to the page and is often very large. Granular columns are initially contained in a rectangular box. The initial width and height of the columns are denoted as d i and h i , respectively. For the symmetrical collapses, the initial width d i is defined as half of the width of the box. The aspect ratio is = h i /d i . There are removable gates on the sides where collapses happen. Connected to the removable gates are horizontal or inclined channels with an
